The nature of crystallization process is not yet fully understood at the atomic level. In particular, simulations of off-lattice crystallization, especially for non-close-packed structures, have been sorely lagging. We present here the simulation results of crystallization from the liquid and amorphous states of a 1000-atom model of silicon, described with a modified StillingerWeber potential. With this potential, it is possible to crystallize the model in as little as few ns, which opens a door to detailed studies of the nucleation processes in covalent materials. Using topological analysis, we also present a first characterization of the structural fluctuations of the nucleation centers and give a rough estimate for the critical size of these centers. Additionally, we find that a hexagonal phase tends to appear at the interface between the zincblende crystal and the liquid.
The nature of crystallization on the atomic level is a topic of major fundamental and technological interest. This is particularly true for covalent materials such as tetrahedral semiconductors, which show great variation in structure and density between the liquid and solid phases. This property raises some considerable challenges for a detailed microscopic understanding of the crystallization process in such materials; while crystallization of simple liquids has been realized numerically a long time ago [1, 2] , relatively little progress has been accomplished for simulations of more complex materials like Si.
There exists, for sure, a considerable body of literature, essentially experimental and computational, on this phenomenon in covalent materials, mostly Si (see, for example, Ref. [3] [4] [5] ).) In the latter case, most efforts were concentrated on studying Si growth at interfacescrystal-liquid, crystal-amorphous and amorphous-liquid -which is important for understanding a number of experiments including excimer laser crystallization and solid-phase epitaxial growth of this material. In the interface-growth simulations, a crystal seed, either an infinite plane or a 3D grain, is introduced into a disordered matrix and growth (or disappearance) of this nucleation center is followed. Although providing relevant information related to propagation of crystallization, all these simulations utilize starting geometries that might not be representative of that created from the liquid phase.
The difficulty in attaining the same type of understanding as for simple Lennard-Jones systems is due to the problem of finding an adequate interaction potential; the time required for crystallization from the liquid phase is expected to be well beyond the reach of tight-binding and ab-initio methods, while empirical potentials always failed to reproduce the crystallization from liquid.
In this Letter, we revisit this problem using the modified Stillinger-Weber (mSW) interaction [6] , a potential adjusted to generate a good quality amorphous phase for Si, i.e., with narrow spread of bond-angle distribution, very few coordination defects, and correct vibrational properties. Using this potential, we find that it is possible to crystallize both a liquid, from high temperature, and an amorphous network, heated from 0 K, providing a detailed microscopic picture of the process of crystallization. The grain growth, up to the limits of our 1000-atom cell, is almost isotropic and proceeds as soon as random fluctuations create a crystalline cluster, containing approximately 350-400 atoms. Because the mSW potential was not explicitly fitted to the liquid and crystalline phases of Si, our simulations are unlikely to describe any specific material in great detail; they should, however, provide a qualitative picture of crystallization in covalent materials.
We consider two routes to crystallization: (1) starting from a liquid, we slowly cool the configuration below the melting point, until the diffusion becomes nill; and (2) we heat a model of a-Si to a high temperature below the melting point of the crystal and follow the re-crystallization. All the simulations are done on a 1000-atom cell, in the canonical ensemble, using Gauss's principle of least constraint to keep the temperature constant [7] . The density of the model in both cases is fixed at that of crystalline silicon.
There is some freedom in selection of an "order parameter" for crystallization, which is usually represented by a set of small atomic clusters that can be considered topologically crystalline. Because a-Si and c-Si show tetrahedral order, it is necessary to go beyond the first neighbor shell to construct such a set. The two smallest topologically crystalline states in Si are 3-dimensional ring structures, which can be employed as elementary building blocks of the zincblende (diamond-like) and hexagonal (ice-like) structures. The first state is a native sixfold ring, in which atoms at alternating locations have neighbors, which all have a common neighbor; this 10-atom cage structure uniquely defines the basic building block of the zincblende structure. Although the hexagonal structure is not a ground state of silicon, it can also be encountered in small crystalline grains. We define the hexagonal building block as two six-fold rings, that are bonded together at three alternating locations along the rings, forming a 12-atom structure. The density of these basic building blocks is close to zero in good quality a-Si models. They represent, therefore, an excellent choice of order parameter for crystallinity.
We first consider crystallization from the liquid phase. The "quench-from-the-melt" (QFM) technique has already been used a number of times, with a wide variety of interactions [8, 9] , to generate models of a-Si. Following the procedure of many previous simulations, we keep the volume fixed at the value corresponding to the experimental density of c-Si. Although such a procedure is hard to replicate experimentally, it simplifies the handling of thermodynamics around the phase transition and makes it easier to compare with other simulations. Given the difficulty previously encountered in crystallizing a complex liquid, a constant-volume simulation should minimize the number of hurdles slowing down the crystallization process. Such constraint is not formally necessary, however, and constant-pressure simulations are underway.
The main difference between this work and previous ones is therefore limited to the choice of interatomic potential. Our simulation proceeds as follows: (i) The 1000-atom c-Si supercell is melted during a 2-ns-constant-temperature anneal at 3000 K, well above the c-Si melting point for mSW potential.
(ii) The supercell is then gradually cooled down by reducing the temperature in 200 K steps in the 3000-2400 K interval and 100 K steps below 2400 K, and running for 0.5 ns at each step. The simulation is stopped when diffusion becomes negligible. The results for this simulation are summarized in Figs. 1 and 2 . At 3000 K, the radial distribution function, g(R), of our model exhibits liquidlike behavior, showing features similar to those computed for l -Si by Cook and Clancy [10] , using Tersoff's potential [11] , this is confirmed by the atomic diffusion shown in Fig. 2 . As with Tersoff's potential, the structure in the g(R) beyond the first neighbor peak at high temperature is likely due to a low atomic density and a relatively strong 3-body interaction.
As the annealing temperature goes down (2400-2100 K), the g(R) becomes more structured and starts resembling that of a-Si: the dip between the first-and second-neighbor peaks deepens and the peaks narrow. Below 2100 K, however, the broad second-neighbor peak begins to split into two narrower peaks corresponding to atomic shells in the crystalline structure. Other peaks also start forming beyond 5Å. The crystallization process can also be followed with atomic diffusion (Fig. 2) , which decreases smoothly in the liquid phase but falls brutally as the temperature of the system is brought from 2100 to 1900 K, when the lattice essentially freezes over. The structural data for the model, after quench to zero K, for final annealing temperatures of 2100, 2000 and 1900 K is shown in Fig. 3 . There is a clear qualitative structural change among these three structures. The structure annealed at 2100 K shows properties typical of a good amorphous model: the dihedral-angle distribution is structureless, the bond-angle distribution is almost a Gaussian of width 11.16 • and the g(R) is smooth with a clear gap between the first-and second-neighbor shells. This is in sharp contrast with the structures at 2000 and 1900 K where the bond-angle distributions have widths of 8.57 and 6.41
• , the dihedral-angle distributions develop a sharp peak at 60
• and the g(R) is clearly crystalline. The role of the potential in achieving crystallization is underscored by a simulation, performed in the same fashion but with the environment-dependent interatomic potential (EDIP) [9] . Starting from the liquid phase at 2300 K, as prepared using mSW, the cell is reequilibrated with EDIP at the same temperature for 0.5 ns. The temperature is then lowered in 100 K steps, running for 0.5 ns at each temperature, until the diffusion becomes negligible. As shown in Fig. 4 , the supercooled regime persists to a much lower temperature than in the case of the mSW anneal. The atomic diffusion (not shown) stops only at around 1100 K, at which point, the structure freezes in a good quality amorphous configuration. There is no hint of crystallization at any point during the simulation.
In order to better characterize the crystallization process, we perform a constant-temperature anneal for the 1000-atom model of Barkema and Mousseau prepared using a bond-switching method [12] . The simulation is done at 2100 K, with the mSW potential, for 2 ns, with atomic coordinates saved every 200 fs. Fig. 5 shows the two order parameters, i.e. the number of cubic and hexagonal building blocks, as a function of time for this simulation. At the beginning of the simulation, the cell is mostly dis- ordered, with very little crystalline structure; between 0.6 and 0.9 ns, however, we see a rapid ordering, with more than 98% of the atoms belonging to crystalline building blocks at the end of this time interval. The second ns shows only local rearrangements, but no overall rebonding. This transition can also be followed in the diffusion data, shown in the right inset of Fig. 5 . In the early time of the simulation, the amorphous solid essentially melts, with a total diffusion of about 10Å per atom, but as soon as crystallization has taken place the diffusion slows down to almost zero. This agrees with a well known fact that experimental melting point of a-Si is lower than that of its crystalline counterpart [14] . In the left insert of the same figure we show the number of atoms belonging to the crystalline island (the largest cluster constructed of interconnected crystalline building blocks) as the simulation goes on. We can see that the process of crystallization starts when the island contains 350-400 atoms. We should point out, however, that our choice of elementary building blocks tends to overestimate the size of crystalline islands because even substantially strained network regions are considered crystalline if they retain crystalline bonding.
Crystalline islands in 1000-atom model of a-Si during 2 ns constant-temperature anneal with the mSW potential: a) at 100 ps, b) at 300 ps, c) at 500 ps, d) at 700 ps, e) at 800 ps and f) at 1 ns. Atoms shown in dark grey and white belong to cubic and hexagonal blocks respectively. Atoms, not belonging to any crystalline building blocks, are not shown.
With the help of Fig. 6 , these simulation results give us some insight into the crystallization process in covalent materials. Although the potential only goes out to second neighbors, even in the initial stage of the simulation (the first 0.5 ns) small "crystallites", that are constantly formed and destroyed, are mostly composed of the cubic blocks (see, for example, Fig. 6(a) and (b) .) Around 0.5 ns, a larger crystalline island emerges (see Fig. 6(c) ) and starts growing rapidly. New crystallites, mainly of hexagonal type, are formed at the surface of the island. It soon reaches the size of the unit cell and forms grain boundaries between itself and its images, as shown in Fig. 6(d) and (e) . Again, these grain boundaries contain mainly hexagonal blocks, while the core of the island consists of cubic blocks. At 0.9 ns almost all of the supercell has become crystalline ( Fig. 6(f) ) and only a few thin hexagonal-type grain-boundary sheets are left in the system. It is worth noting that the position of the peak in hexagonal-block concentration at 0.6-0.8 ns in Fig. 5 coincides well with the kink in the cubic-block concentration marking the disordered-to-crystalline transition which is due to the fact that, according to the data presented in Fig. 6 , the island growth during the transition proceeds mainly by forming new hexagonal blocks on the island's surface.
The last years have seen a resurgence of interest in the onset of crystallization [15] . While numerical studies have been mostly limited to close-packed materials, we have shown that it is now possible to also study this phenomenon in tetrahedral semiconductors. We found that during the growth the interface with the liquid contains a high density of hexagonal building blocks that transform into zincblende as the crystal grows. Much more work is required to fully characterize this system. This work was supported in part by NSF under grants number DMR 00-81006 and DMR 98-05848. We thank G. T. Barkema for providing us the crystalline cluster analysis code for Si.
